The place-based project was broken into seven stepwise assignments that encouraged students to identify subjects within the Chesapeake Bay that were of personal interest to them. Students then developed and proposed system-based problems that were defined and refined as the course proceeded. The course objective and related ABET outcomes are shown in Table 1 . The course topics covered each week and how they align to the course outcomes are shown in Figure 2 .
Figure 2: Course topics linked to ABET related outcomes for the earth systems engineering course
Ar#culate and apply the basic concepts associated with systems analysis.
Iden#fy and define the inputs, outputs, parts of system, and interac#ons.
Develop system representa#ons at mul#ple levels of fidelity.
Develop mathema#cal models for analysis of system.
Evaluate and characterize system performance.
Appropriately use modeling so@ware tools for analysis.
Iden#fy and evaluate trade-offs to make informed decisions.
Synthesize and apply systems thinking, principles, and tools to complex systems.
Structured Systems Analysis for Sustainable Design
General Water Supply Design Considera#ons Place-based approach to describing the Chesapeake Bay through systems engineering
The course met three days per week. The course topics listed above were typically covered in the first two lecture periods of the week, with the third meeting of the week being reserved for inclass project work. Additional weeks were allocated for exams and project presentation at the end of the semester. Readings and short homework problems were assigned for each topic. The lecture material included an overview of systems engineering concepts, examples of complex earth systems, and science-based model of water and ecological systems within the Chesapeake Bay. The project course score contributed to 20% of the course grade, the final exam comprised 35%, 2 mid-term exams contributed 25% and homework contributed the final 20% of the course grade.
The place-based Chesapeake Bay project was described the first week of the course. The project was broken into seven significant intermediate project steps described in the following sections. On average, each project part was completed in two weeks. Typically students were allowed to peer-review each others work two to three days prior to submission of the assignment for grading. Student work was evaluated based upon the 100 point scale shown in Table 2 . The place-based project was divided into seven distinct assignments that are summarized below. This activity was a self-exploration activity. Students identified applications of engineering sciences for evaluation of issues related to the Chesapeake Bay. Students were instructed to use their personal experiences to identify a problem of interest. Students should:
• Explore their natural curiosity about Chesapeake Bay watershed.
• Think critically about how they can apply engineering science to identify a problem statement, create a mathematical representation of the problem, and solve the problem using mathematical and engineering relationships.
• Use the scientific method (hypothesis driven research) to refine their curiosity about the interconnected earth-system in which we all live.
Guiding questions included: The objective of the second assignment was to apply basic engineering principles of problem definition to their system of choice. The assignment goals were to define a system process and related variables and identify gaps in the knowledge through a Degrees of Freedom analysis. Students were required to:
1. Sketch your Chesapeake Bay system. 2. Define processes (splitting, mixing, reactions, etc.) and show the streams entering and exiting your process(es). 3. Define and show the variables associated with your processes. 4. Set up a Degrees Of Freedom (DOF) analysis of your system. Determine the variable(s) you will need to calculate (solve for). 5. Determine how many variables will you need to define through research in order to make your calculations.
Part 3: Develop a system model
The objective of assignment 3 was to develop a mathematical model for the chosen system. Students defined the relevant mathematical relationships and variables. The student requirements were to:
1. Use peer-reviewed sources to determine the values for all controlled variables and uncontrolled variables (note: this may over-constrain your system). Start with textbooks, journal articles, government docs, Chesapeake Bay Foundation (CBF) reports, or other resources as appropriate. 2. List the variables and reference for the sources of your information, a range of data for a given variable is appropriate.
Part 4: System Boundaries
The objective of assignment 4 was to develop systems representations at multiple levels of fidelity. Students created a working system-based model and communicate degrees of uncertainty. The student requirements were to:
1. Develop an electronic schematic that represents your Chesapeake Bay system. a. For the known variables, provide references and ranges for reported values. b. Describe in a short paragraph for each variable and report the values and expected ranges (high, mean, and low values if available). c. For the unknown variables, define keywords for studies that might provide information about an unknown. d. Describe what similar systems might be explored to help guide any assumptions you might be forced to make. 2. Describe the boundary conditions of your system and the inherent assumptions required to define the system. 3. What related conditions beyond the boundary of the system of study might impact the results of the system analysis? Illustrate these potential conditions and impacts on the schematic.
Part 5: Synthesize information about complex systems
The objective of assignment 5 was to synthesize and apply systems thinking, principles and tools to complex systems. In this activity, students performed a "brainstorming" activity in class, documented by sketching the information requested below. The goal was to expand the knowledge they had about activities in the Chesapeake Bay watershed and relate those activities relate to their specific model. Peer-review was used to refine the system models. The information from multiple students was used to improve their individual work upon reflection, communication and refinement of the model developed in Part 4. The student requirements for this assignment were to:
1. Identify how their "black-box" model is linked to five other "black boxes" being developed by peers in the class. Students mus speak to more than five different people to find five systems that share a well-defined link. a. Re-draw the boundary conditions. b. Show all the systems the student interacted with in class in each drawing -some may be linked, some may not be. i. For each system, define all possible the variables that relate to each individual system and identify the names of the class peers related to each system. ii. Illustrate the variables being analyzed by the interacting systems. iii. Illustrate the variables that have been ignored by choice in the interacting systems. 2. Students should add the interacting "black-boxes" to the schematic that illustrates their system. Students should identify by name the source of information for the linked black boxes -this creates a new system. Students should identify known and unknown variable in the system and changes throughout the system of study. Note: this may require additional interactions beyond classroom time, so students might benefit from seeking permission to contact classmates outside of the normal class period.
Part 6: Chesapeake Bay Modeling
The objective of assignment 6 was to illustrate the principles of reactor design and application of those principles to modeling a complex Earth system. Students determined the type of model reactor that most closely represented the chosen system. Students used their model to predict what happened to the chosen system given a perturbation to the system (i.e. changing one or more variables). The student requirements for this assignment were to answer the following: 
Results
Students integrated their own experiences and relationships to the Chesapeake Bay by defining the earth systems. Examples were varied and included analysis of trout populations in headwater streams, impacts from agriculture and residential development in piedmont regions of the watershed, and several examples of personal use of the bay as well as system-wide impacts to fish and oyster populations in the Chesapeake Bay.
Several examples of the work are illustrated below in Figures 3 to 7 . The sample work shown here is largely representative of the average student work. The work also meets or surpasses the expectations associated with the assignments. Several different project concepts/submissions are shown in order to illustrate the diversity of topics chosen in the course. Since the examples built upon prior work, the examples shown are the composite submissions of several earlier assignments (Parts 1 -4).
The following example illustrates how typical submissions to Parts 1 of the project have defined the problem. In this example, a basic problem statement is presented first. The system parameters that impact the solution are grouped into a range of possible conditions (High, Average, Low). The functional units associated with each parameter are also defined.
Model Scenario:
Boating is an increasingly important recreation or pastime in Maryland and Virginia and throughout the Chesapeake Bay. It is estimated that the number of boats registered in Maryland alone increases by an average of 5,240 per year over the past two decades (CEDS, 2007). Boating has a variety of effects on the Bay in all areas from emissions, pollinations, erosion, aesthetics, and tidal influences to the marine life and estuary equilibrium. This analysis focuses on the pollutant and emission materials of hydrocarbon and gasoline emitted from the use of an average boat and its effect towards the total emissions towards the Bay based on a scaled examination of a 2-square mile area of the Bay. • B = Area of the Bay ( ! )
• TE = Recreational marine engine contribution to total emissions (%)
• HC = Hydrocarbon emissions (lbs.)
• G = Gasoline (gallons)
• 1 season of boating = 3.5 months of the year (Bay Journal, 1994)
Figure 3: Student example work illustrating Part 1: Identify and Define Parts of a System
The complex nature of the Chesapeake Bay and interrelationships among various factors are illustrated in Figures 4 and 5 . The schematics shown below illustrate the connections defined and created by the students in "Part 5: Synthesize information about complex systems". Figure 4 illustrates the range of impacts upon rockfish (also called striped bass) populations in the Chesapeake Bay. The student work illustrates connections with other evaluations being conducted in the course. The example work also illustrates and defines the variables associated with each evaluation, ranges of important variables and the units associated with the variables of concern. The examples and related analysis is not meant to be a complete working model of all interactions within the Chesapeake Bay, instead the work illustrates attainment of several course objectives, including the ability to:
• Articulate and apply the basic concepts associated with systems analysis.
• Identify and define the inputs, outputs, parts of system, and interactions.
• Develop system representations at multiple levels of fidelity.
• Develop mathematical models for analysis of system.
The second example shown in Figure 5 illustrates the attainment of similar objectives for relating nutrient loading to blue crab populations in the Chesapeake Bay. Figure 6 illustrates student work that exemplifies the principles of reactor design and modeling a complex Earth system. Part 6.1 of the project, Chesapeake Bay Modeling, requires students to determine the variables that are constrained and variables that fluctuate in the system. Students were required to utilize empirical or theoretical equations to model one or more variables of their chosen system. Figure 7 illustrate a student applying mass balance and chemical transformation principles in order to relate nutrient loading from agricultural to algae production in the Chesapeake Bay. Part 6 of the model illustrates the students' abilities to:
• Evaluate and characterize system performance for one or more variables in the model system.
• Appropriately use modeling software tools such as Excel and MathCad to analyze a simplified system. • Identify and evaluate trade-offs to make informed decisions by identifying critical variables in the system.
Students presented their work during the last week of class and were required to offer a reflection on the projects and the Chesapeake Bay system. Project part 7 provided evidence that students were able to synthesize and apply systems thinking, principles, and tools to solve mathematical and engineering representations of complex systems. Overall 82 percent of students met the objectives associated with the place-based project. The mean percentage score for all seven parts of the project was 86.7%, with scores ranging from a low of 19% to a high of 100%. Students appear to have performed better on the place-based project than on homework (mean average = 84.2%), the final exam (mean average = 79.7%), and quizzes (mean average = 78.9%). The limited data suggests that performance generally increased as the project moved towards completion of the analytical assignments as shown in Figure 8 . (It is noted via the range shown that performance did not increase for every individual student.) This supports the general observation that students which struggled early the course with the openended assignment, gained insight and confidence in completing the project as they became more familiar with the concept matter and project objectives. Just as important the trend in meeting the objectives and comprehension of the course outcomes increased throughout the course, indicating the project help students "put it all together" as indicated by student comments.
The place-based project was well received by the students at the completion of the course as evidenced by student comments on aspects of the course the liked best: The aspects of the course the students reported to be most challenging included:
"Not understanding if we were completing assignments properly" "In the beginning the direction of the course was unclear."
The following comments represented suggestions by the students for improving the class: The course objectives were assessed through the place-based project, the final exam and students self-reported their self-assessment of meeting the course objectives as shown in Table 3 . The majority of students (82%) demonstrated the required knowledge to meet the overall course objectives (scoring 70% or greater on graded project assignments and the final exam). Students may have reported lower attainment rates, due to receiving lower than expected grades -in other words some students associated attainment of the objectives by receiving a grade greater than 90% for the course. The instructor measure for demonstration of the objectives is based a score greater than 70%. Generally the most difficult objective based upon student self-assessment and project-based assessment was to create a mathematical model of a complex system. It is a credit to the students that they were able to identify this objective as a very difficult task. For example, modeling the Chesapeake Bay has been a decades long scientific endeavor to which teams of scientists have dedicated their careers. The author believes the students are better able to assess the challenges inherent in modeling earth systems and genuinely have become more aware of individuals limitations and approaches to complex systems modeling. None-the-less, students were largely satisfied with the place-based project approach to learning the subject, even though students were challenged with sorting through a complex scenario at the beginning of the course.
Summary
The objectives of the systems engineering course were tailored to personal interests through a placed-based project related to the Chesapeake Bay. The inclusion of the place-based project helped ensure student engagement throughout the entirety of the semester. Evidence showed improvement of students understanding of systems engineering concepts continued to develop through the completion of the course.
Students were encouraged to explore systems concepts. Students reported they initially found the open-ended format challenging. They reported the lack of clearly marked roadmaps or similar examples for defining their solutions was an unaccustomed challenge. A few students suffered serious anxiety related to the open-ended problem and requirements to create their own original work.
The student work shown above illustrates the critical thinking processes the students engaged in while working on the project. It is important to note that the relationships developed were all original concepts, since each participant in the class determined the relevant subjects. Since all the work was original, based on class developed systematic description of the bay, there was no concern for students relying on electronic resources. Students self-reported they often become dependent upon electronic resources (Chegg, myhomeworkhelp.com, etc.) that minimize critical thinking
. By creating open-ended projects that are based upon student's local knowledge of place, critical thinking can be encouraged and the pitfalls of electronic dependency can be avoided. By the completion of the course, students reported a high degree of satisfaction and gained confidence in the ability to investigate problems of their own choosing. Approximately 82% of students completed the course objectives through the open-ended place-based investigation of the Chesapeake Bay System.
